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Abstract: Chronic low back pain (CLBP), frequently emanating from dynamic instability within the 

lumbar spine, constitutes a substantial global health challenge. While lumbosacral fusion remains a 

common surgical intervention for addressing this pathology, its inherent drawbacks, notably the 

acceleration of adjacent segment disease (ASD) at cephalad and caudal levels, the iatrogenic 

restriction of physiological intervertebral motion, and the potential for multifidus and erector spinae 

muscle atrophy, underscore the critical need for motion-preserving strategies. Here, we 

comprehensively review translational engineering advancements, particularly through mechanically 

tunable spinal implants and integrated intelligent sensor systems. We also thoroughly examine 

bioadaptive polymers and hybrid constructs that are being used in dynamic interspinous and 

interlaminar spacers, analyzing their time-dependent viscoelastic behavior and biomechanical 

compatibility through finite element modeling (FEM). Furthermore, we will explore the application 

of soft robotic principles to achieve personalized force modulation within innovative implant designs 

intended to dynamically stabilize the posterior elements, as well how microelectromechanical 

systems (MEMS) and nanosensors can help physicians with in-vivo monitoring of critical 

biomechanical parameters, including pedicle screw strain, intradiscal pressure within the nucleus 

pulposus and annulus fibrosus, and three-dimensional spinal kinematics across the instrumented 

segments. By doing so, our aim is to help clinicians and researchers alike seamlessly these integrate 

engineering solutions into everyday patient care. 

Keywords: dynamic spine stabilization; spinal implants; motion-preserving devices; low back pain 

treatment; smart sensors; flexible spine implants; spinal biomechanics; adaptive spine support; load-

sensing devices; 
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1. Clinical Foundation and Engineering Motivation 

Chronic low back pain (CLBP) is very common among adult and geriatric patients, with 

dynamic spinal instability being the main biomechanical etiology of CLBP; this often results in 

nociceptive input, neuroforaminal stenosis with possible radiculopathy, and functional impairment 

[1]. This instability can arise from a cascade of degenerative processes affecting the structural 

integrity of the spinal column, including progressive degeneration of the intervertebral discs with 

resultant loss of disc height and altered load-bearing capacity, facet joint arthropathy characterized 

by cartilage degradation and osteophyte formation, and ligamentous laxity affecting the anterior 

longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, interspinous ligament, 

and supraspinous ligament, thereby disrupting the intricate equilibrium of lumbar spine kinematics 

and load distribution across the vertebral bodies, intervertebral discs, and posterior elements [2–4]. 

The current gold standard is spinal arthrodesis, which eliminates motion at the symptomatic 

vertebral segment(s) by inducing a solid osseous fusion between adjacent vertebral bodies through 

pedicle screw fixation and interbody grafting [5]. Although lumbosacral fusion is linked with several 

well-documented drawbacks that can affect long-term patient outcomes, it can efficiently provide 

pain relief and improve stability in carefully chosen patient cohorts with clearly demonstrated 

instability [6,7]. These comprise the acceleration of degenerative changes at adjacent spinal levels 

(adjacent segment disease, ASD), a biomechanical consequence of changed load transfer and 

increased stress concentration at the mobile segments adjacent to the rigid fusion construct, a 

permanent restriction of physiological spinal motion in the sagittal, coronal, and axial planes, 

possibly compromising functional capacity and activities of daily life, and the potential for paraspinal 

muscle atrophy, particularly of the stabilizing multifidus muscle, resulting from altered segmental 

kinematics and compensatory muscular activity patterns in response to the fused segment [8–10]. 

2. Mechanically Tunable Spinal Implants 

A main challenge for surgeons when placing spinal implants is that the implant must closely 

emulate the natural, time-dependent viscoelastic behavior of the intervertebral discs and spinal 

ligaments while concurrently providing sufficient structural integrity to restore and maintain spinal 

stability [11]. Mechanically tuned implants are particularly beneficial in this sense because they can 

modify their key mechanical properties, such stiffness, damping characteristics, or geometric 

configuration, in direct response to dynamically changing applied loads or evolving physiological 

variations within the lumbar spine [12,13]. This natural adaptability promises to provide tailored and 

responsive stabilization, thus reducing the restrictions related with stationary, non-adaptive implants 

[14]. 

2.1. Polymeric and Hybrid Materials in Tunable Spacers 

Polymeric materials, particularly polyurethane elastomers with their inherent biocompatibility 

and tailorable mechanical properties, have significant potential as dynamic interspinous and 

interlaminar spacers that provide posterior element support without rigidly fusing the spinous 

processes or laminae [15,16]. These advanced polymeric formulations can be engineered with a wide 

spectrum of stiffness and damping coefficients and can serve as spacers that effectively absorbing 

and dissipating energy during physiological spinal motion, thereby potentially reducing stress 

concentrations on adjacent vertebral levels and posterior ligamentous structures [17]. Shape-memory 

alloys (SMAs) can also withstand reversible martensitic-austenitic phase transformations in direct 

response to specific thermal or mechanical stimuli [18]. A main example is the well-characterized 

nickel-titanium (NiTi) alloy [19]. For patients, this translates to spinal implants that can be deployed 

through minimally invasive surgical techniques in a smaller, less rigid configuration and 

subsequently expand or alter their geometric configuration in situ to provide optimal structural 

support [20,21]. 
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Many groups are also investing in hybrid materials. For instance, composite hydrogels, which 

strategically combine the high-water content, inherent biocompatibility, and excellent tissue 

integration properties of hydrogels with the significantly enhanced mechanical strength and 

precisely tunable characteristics provided by reinforcing fibers (such as carbon nanotubes or 

biocompatible polymers) or nanoparticles (such as hydroxyapatite or bioactive ceramics), are very 

promising [22–24]. These constructs behave in an anisotropic viscoelastic manner, closely mimicking 

the complex, direction-dependent mechanical response of the intervertebral disc annulus fibrosus 

[25]. Furthermore, surgeons can facilitate tissue integration with the surrounding vertebral bone and 

ensure robust long-term implant stability if they integrate bioactive agents like bone morphogenetic 

proteins (BMPs) or osteoconductive materials [26,27]. 

2.2. Viscoelastic Properties and Biomechanical Compatibility 

Achieving biomechanical compatibility from implant materials requires matching their 

viscoelastic characteristics to the dynamic environment of the lumbar spine [28]. Under physiological 

load, these characteristics—defined by a balance between energy dissipation (viscous behaviour) and 

energy storage (elastic behaviour) define how an implant responds to the multi-planar motion of the 

spine and manages mechanical energy [29]. Important new perspectives on the stiffness and damping 

performance of a material over different load frequencies come from metrics like dynamic modulus 

and loss tangent [30]. Aligning these properties with those of natural spinal tissues helps avoid stress 

shielding, a disorder whereby too stiff implants absorb too much load [31]. Reduced bone stimulation 

brought on by this mismatch can cause osteopenia, implant loosening, and long-term failure [32,33]. 

Simulating the biomechanical performance of tuned spacers now depends critically on finite 

element analysis (FEA) [34]. Research on sagittal alignment, segmental range of motion (ROM) in all 

planes, and foraminal dimensions—criteria vital to nerve root decompression and motion 

preservation—show that both implant stiffness and placement greatly affect these factors [35,36]. 

Engineers can maximise designs to support physiological lumbar lordosis, preserve controlled 

mobility, and strengthen the posterior column by varying parameters including Young's modulus, 

Poisson's ratio, and implant geometry in computational models [37]. FEA also helps refine treatments 

that lower the risk of adjacent segment degeneration by allowing prediction of stress transfer to 

nearby vertebrae and facet joints [38,39]. This modelling system supports a data-driven method of 

implant optimisation by anchoring design in measurable biomechanical outcomes [40]. 

2.3. Soft Robotic Concepts for Personalized Tension Modulation 

Soft robotics, an innovative and rapidly growing field of research and development focused on 

the design, fabrication, and control of robots composed primarily of compliant and deformable 

materials, offers highly innovative strategies for achieving personalized and dynamically adjustable 

tension modulation in spinal stabilization implants [41,42]. For example, hydraulically driven 

interbody fusion cages could incorporate integrated fluid-filled chambers whose internal pressure 

can be actively and precisely regulated in real-time to dynamically adjust the stiffness and the degree 

of lordotic angle (the anterior tilt) of the implanted cage in direct response to varying levels of 

physical activity [43]. Magnetorheological (MR) fluids, which can rapidly and reversibly change their 

viscosity in direct response to an external magnetic field, are another promising option to adjust 

implants in real time [44]. For example, surgeons could add in interspinous process spacers with MR 

elastomers, then modulate its stiffness in real-time based on continuous feedback from integrated 

sensors, providing enhanced spinal stability during high-load activities that demand greater rigidity 

and greater flexibility during low-demand tasks that require a wider range of motion [45,46]. 

2.4. Clinical Findings and Future Material Directions 

Existing dynamic stabilization devices currently available for clinical use, such as various 

interspinous process spacers and pedicle screw-based dynamic stabilization systems that incorporate 
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flexible elements, have demonstrated promising clinical outcomes in carefully selected patient 

populations by providing effective pain relief and preserving a certain degree of physiological spinal 

motion compared to rigid fusion [47–49]. However, these earlier-generation devices are often not 

sophisticated enough to adapt to patient-specific movements [50]. Furthermore, many researchers 

are concerned about their long-term clinical effectiveness, device-related complications such as 

implant subsidence or migration, and their ability to truly prevent or significantly mitigate the 

development of ASD [51,52]. 

Companies that are actively capitalizing on sophisticated bioadaptive materials and intelligently 

integrated soft robotic principles seem to be overcoming the limitations of current static stabilization 

methods [53]. For instance, Invibio introduced the PEEK-OPTIMA implantable PEEK polymer in 

1999, and are actively focused on refining polyurethane elastomers by incorporating reinforcing 

agents like carbon nanotubes or ceramic nanoparticles [54,55]. Researchers can then leverage these 

elastomers to create interspinous spacers with viscoelastic properties that can be precisely tuned to 

mimic the natural damping characteristics of the supraspinous and interspinous ligaments [56]. 

Furthermore, the integration of micro-actuation mechanisms is gaining traction. For example, 

concepts involving miniaturized electroactive polymer (EAP) actuators embedded within 

interlaminar stabilization devices are being explored in academic labs and early-stage companies 

[57,58]. These EAPs change shape or stiffness in response to an applied electric field and could 

similarly be used as MR fluids for real-time adjustments [59]. While not yet in widespread clinical 

use by major players like Medtronic or DePuy Synthes in a fully tunable dynamic stabilization device, 

their current dynamic stabilization offerings like the DYNESYS system (utilizing flexible cords and 

spacers) represent a foundational step towards incorporating more advanced actuation [60,61]. 

Many groups are also applying soft robotic principles into their implant designs. Prototypes of 

hydraulically or pneumatically actuated interbody fusion cages, conceptually similar to those being 

explored in research settings, could allow for controlled, post-operative adjustments to cage height 

and lordotic angle [62]. While not a primary focus of Stryker's current publicly available dynamic 

stabilization portfolio (which, following the sale of their spinal implants business to VB Spine, is in 

transition, though they retain interest in enabling technologies like Mako Spine that could play a role 

in precise placement of future dynamic devices), the underlying principle of adjustable interbody 

support remains a key area of interest in the broader spinal implant community [63,64]. 

Magnetorheological elastomers (MREs), whose stiffness can be controlled by an external magnetic 

field, are also under investigation for dynamic interspinous or facet joint replacement components, 

offering the potential for non-contact, real-time stiffness modulation [65]. The focus of future research 

must therefore be on the creation of materials demonstrating unequivocally superior fatigue 

resistance under complex, multi-axial spinal loading, enhanced long-term biocompatibility 

evidenced by minimal adverse tissue reactions and robust osseointegration facilitated by surface 

modifications like porous titanium coatings or bioactive ceramic deposition, and the development of 

reliable and precisely controllable micro-actuation systems capable of sustained mechanical 

tunability over the anticipated lifespan of the implant [66–68]. 

3. Smart Sensor Systems and Real-Time Load Feedback 

The intelligent integration of smart sensor systems directly into spinal implants provides an 

unprecedented capability to continuously monitor critical biomechanical parameters in vivo, 

yielding invaluable real-time insights into implant performance, the biological response of the 

surrounding tissues, and the potential progression of underlying spinal pathologies [69]. This 

continuous stream of objective, real-time data has the significant potential to guide personalized post-

operative rehabilitation protocols, provide tailored activity recommendations to patients, and even 

enable sophisticated closed-loop control of mechanically tunable implants, leading to more 

optimized and adaptive spinal stabilization [70,71]. 
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3.1. Design and Integration of MEMS and Nanosensors 

Microelectromechanical systems (MEMS) and their nanoscale counterparts, nanosensors, are 

another significant implant [72]. These highly miniaturized electromechanical devices, fabricated 

with micron and nanometer precision, respectively, can quantitatively measure physical parameters 

that can aid in patient-health risk [73]. For instance, strain gauges, well-established sensing elements 

grounded in piezoresistive or capacitive transduction principles, are being adapted to be added into 

pedicle screws and interbody fusion cages [74]. Companies like MicroStrain (now part of HBK), who 

specialize in miniature sensing solutions, offer strain gauges with dimensions suitable for embedding 

within these orthopedic hardware components [75]. These embedded sensors can then provide 

continuous, real-time measurements of the mechanical strain that the implant experiences 

physiological loading [76]. This in turn allows clinicians to map stress distribution and perform 

prospective risk-assessment for patients with weight and body compositions [77]. 

Furthermore, capacitive and piezoelectric pressure sensors are being actively engineered to 

integrate within interbody fusion cages and in proximity to facet joints [78]. Companies like Tekscan, 

who are known for their thin-film pressure sensing technology, are developing miniaturized pressure 

sensors that can quantify the intradiscal pressure within the nucleus pulposus and the annulus 

fibrosus [79]. Similarly, these sensors can be strategically positioned near the articulating surfaces of 

the facet joints to measure the contact forces generated during motion [80]. This granular, real-time 

pressure data is critical for understanding how different structures in the intervertebral segment 

load-share weight [81]. As advanced sensor designs often incorporate multi-element arrays, this 

means clinicians can see spatial resolution of the pressure distribution across the implant-tissue 

interface [82]. 

Miniaturized inertial measurement units (IMUs) that gyroscopes and accelerometers use are also 

being actively explored for direct integration into implants [83]. Bosch Sensortec, a leader in MEMS-

based IMUs, offers compact, low-power devices capable of precisely measuring angular velocity and 

linear acceleration in three orthogonal axes [84]. When embedded within a spinal implant, these 

IMUs can output high-fidelity data on the intersegmental kinematics, detecting subtle yet clinically 

significant aberrant motions, such as excessive translational or rotational instability, or pathological 

coupled motions that may serve as early indicators of persistent spinal instability or potential implant 

loosening [85,86]. Sophisticated sensor fusion algorithms can then be applied to the raw data from 

these IMUs to reconstruct the three-dimensional motion of the instrumented spinal segment with 

high temporal resolution [87]. 

3.2. Conductive Polymers and Nanocomposite Sensors 

Conductive polymers (CPs) and advanced nanocomposite materials can also be beneficial when 

added to implants [88]. Notably, CPs exhibit measurable changes in their electrical resistance in direct 

and predictable response to applied mechanical strain or pressure [89]. This makes them well-suited 

as flexible and intrinsically biocompatible strain and pressure sensors [90]. Researchers are actively 

exploring various CPs, such as polypyrrole (PPy), polyaniline (PANI), and poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), focusing on enhancing their 

mechanical robustness, long-term stability in vivo, and sensitivity through chemical modification and 

controlled polymerization techniques [91,92]. Furthermore, advanced nanocomposite sensors, 

engineered by strategically incorporating conductive nanofillers (such as high-aspect-ratio carbon 

nanotubes (CNTs), single-layer graphene sheets, or metallic nanoparticles with tailored surface 

functionalization) within a biocompatible polymer matrix, can demonstrate significantly enhanced 

sensitivity and precisely tunable electrical characteristics compared to conventional sensing materials 

[93,94]. 

If surgeons incorporate these nanoscale conductive elements, it can dramatically amplify the 

piezoresistive or capacitive response of the composite material to applied mechanical stimuli [95]. 

For instance, adding aligned CNTs within a flexible polyurethane matrix can create highly sensitive 

strain sensors [96]. These materials can potentially be directly integrated as functional components 
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within the load-bearing structure of spinal implants itself, therein effectively transforming the 

implant itself into an intrinsic sensor, or fabricated as ultrathin, flexible films that can be conformably 

adhered to the surfaces of existing implant designs, thus providing localized, high-resolution 

biomechanical feedback without significantly altering the implant's overall mechanical profile or 

footprint [97,98]. Ongoing research is focused on optimizing the dispersion and alignment of the 

nanofillers within the polymer matrix to maximize sensor performance, enhance biocompatibility, 

and ensure long-term stability within the demanding in vivo environment [99]. 

3.3. Wireless Telemetry and Energy Harvesting 

Wireless telemetry systems that connect to implants can help clinicians easily acquire patient-

specific biomechanical data, which can then be used for real-time feedback control of actively tunable 

implants [100]. A diverse array of low-power wireless communication protocols, including the 

widely adopted Bluetooth Low Energy (BLE) standard and the short-range, low-power Near-Field 

Communication (NFC) technology, are currently used in many wearable and otherwise mobile 

devices [101]. These protocols offer the key advantages of minimal power consumption, which is 

crucial for extending the operational lifespan of the implanted device, and secure data transmission 

capabilities to ensure the privacy and integrity of the sensitive biomechanical information being 

relayed to external monitoring and control units [102]. To address the inherent limitations of 

implanted batteries, which possess a finite energy storage capacity and introduce a potential risk of 

device malfunction upon depletion, significant and sustained research efforts are being directed 

towards the development and seamless integration of efficient energy harvesting technologies 

capable of scavenging energy from the physiological environment [103]. Piezoelectric energy 

harvesters, which convert mechanical strain and vibration into usable electrical energy through the 

piezoelectric effect, are being explored for their potential to regenerate lost bone [104]. Similarly, 

inductive coupling systems, which wirelessly transfer electrical power from an external transmitting 

coil positioned near the skin surface to a receiving coil integrated within the implant, are being 

investigated as a means of providing continuous or intermittent power to the embedded sensors and 

telemetry electronics without requiring percutaneous wires or implanted batteries [105]. The 

efficiency and miniaturization of these energy harvesting technologies are critical areas of ongoing 

development to ensure they can provide sufficient power to operate the sensing and communication 

functionalities of smart spinal implants over extended periods without generating excessive heat or 

causing adverse effects on surrounding tissues [106]. 

4. Control Algorithms and Biomechanical Intelligence 

Artificial intelligence (AI) and machine learning (ML) techniques are increasingly being 

employed to analyze complex sensor data streams, identify subtle patterns indicative of instability or 

changing biomechanical demands, and predict potential adverse biomechanical events, thereby 

enabling proactive and intelligent control of implant function [107]. 

4.1. AI/ML-Based Control Systems 

As AI/ML technologies continue to develop, many clinically-relevant tools are moving beyond 

theoretical concepts, with specific technologies and collaborations between medical groups and 

private companies emerging [108]. For instance, Google Health AI is actively developing advanced 

analytics and predictive modeling tools for healthcare, and while not yet a direct component in a 

dynamic spinal implant, their expertise in processing large datasets and developing predictive 

models for various medical conditions could be leveraged for future implant control algorithms [109]. 

Furthermore, NVIDIA's Clara Holoscan, a real-time AI inference and visualization platform for 

medical devices, provides the infrastructure for processing sensor data with low latency [110]. While 

currently focused on applications like endoscopy and microscopy, the underlying technology for 

high-speed data processing and AI inference at the edge could be adapted for future smart spinal 
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implants [111]. Theoretically, implants equipped with high-bandwidth sensors can transmit data to 

an on-board NVIDIA Jetson module running Clara Holoscan [112]. This module could execute pre-

trained AI models to identify patterns indicative of instability or high stress, triggering immediate 

adjustments in the implant's mechanical properties [113]. 

While fully autonomous AI-driven dynamic stabilization systems aren't yet commercially 

available, there are significant advancements in related areas [114]. For example, Medtronic's Mazor 

Robotic Guidance System utilizes AI-powered planning software to optimize screw placement in 

spinal fusion surgeries [115]. This demonstrates the company's investment in AI for spine procedures, 

and this expertise could potentially be extended to guide the parameters of future dynamic implants 

based on pre-operative planning and intraoperative data [116]. Similarly, Globus Medical's 

ExcelsiusGPS robotic navigation platform incorporates machine learning algorithms to enhance 

surgical accuracy [117]. While focused on fusion, the underlying AI capabilities for data analysis and 

real-time guidance are foundational for more complex dynamic systems [118]. 

4.2. Real-Time Decision-Making Algorithms 

In addition to smart spinal implants, researchers must develop algorithms that can rapidly 

interpret sensor data [119]. Fortunately, many companies specializing in embedded systems and real-

time control are actively contributing to this domain [120]. For example, Analog Devices produces 

high-performance analog and digital signal processing components that are essential for acquiring 

and processing sensor data with minimal delay [121]. Their microcontrollers and digital signal 

processors (DSPs) could help clinicians quickly interpret strain, pressure, and motion data to adjust 

actuator parameters [122]. A real-time algorithm running on an Analog Devices DSP could therefore 

continuously monitor the force exerted on the spacer via embedded force sensors [123]. If the force 

exceeds a pre-defined threshold during a sudden flexion movement, the algorithm could 

instantaneously command the piezoelectric actuators to increase the spacer's stiffness, providing 

enhanced support and limiting excessive motion [124]. Conversely, during periods of rest, the 

stiffness could be automatically reduced to allow for more natural spinal kinematics [125]. Siemens 

Healthineers' AI-Rad Companion can likewise help interpret patient scans and give physicians 

another layer of information, in addition to sensory data from implants [126]. Using these images, 

AI/ML algorithms could analyze changes in vertebral body alignment or disc height to guide long-

term adjustments in an actively articulating interbody cage [127]. 

4.3. Edge AI and Neuromorphic Computing 

Edge AI and neuromorphic computing can also help advance implantable [128]. While direct 

commercial products in dynamic spine surgery are not commercially available, the foundational 

technologies are being developed [129]. Intel's Loihi 2 neuromorphic research chip, for example, can 

be linked to data from multiple embedded sensors and execute sophisticated control algorithms with 

minimal power consumption, potentially powered wirelessly through inductive coupling [130]. This 

on-device AI could enable highly personalized and adaptive stabilization strategies without the need 

for constant external communication [131]. Similarly, BrainChip's Akida neuromorphic processor is 

another example of hardware designed for efficient edge AI inference [132]. Its event-based 

processing architecture is well-suited for analyzing the asynchronous data streams from neural or 

biomechanical sensors [133]. 

In terms of 3D printed implants and sensory integration, companies like Formlabs provide high-

resolution 3D printers that can fit implants with intricate geometries and biocompatible materials 

[134]. Researchers are exploring the use of such printers to create custom spinal implants with 

integrated sensor channel housings [135]. Furthermore, advancements in conductive inks and 

materials allow for the direct printing of sensor elements onto or within 3D-printed implants [136]. 

While not a specific product for dynamic tunability with embedded AI, this trend towards 

customized, sensor-integrated implants created by additive manufacturing lays the groundwork for 

future generations of smart, adaptable spinal stabilization devices [137]. 
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5. Translational Roadmap and Regulatory Strategy 

5.1. Preclinical Testing and Regulatory Compliance 

Due to how interconnected spine surgery is, there is no wide-spread, rigorous, or legally sound 

translational roadmap that surgeons can currently use [138]. As such, we detail a roadmap that 

comprehensively addresses critical aspects such as exhaustive preclinical testing conducted in 

compliance with Good Laboratory Practice (GLP) regulations (21 CFR Part 58), the landscape of 

regulatory hurdles specific to active implantable medical devices as defined by 21 CFR Part 860 and 

relevant international standards (e.g., ISO 13485), stringent ethical considerations pertaining to data 

privacy under regulations like HIPAA (in the US) and GDPR (in Europe), and robust clinical 

validation conducted in accordance with Good Clinical Practice (GCP) guidelines (21 CFR Part 50, 

54, and 56) and the Declaration of Helsinki [139–141]. 

Initially, comprehensive and multi-faceted in vitro biomechanical testing, conducted in 

compliance with relevant ASTM standards (e.g., ASTM F2077 for intervertebral body fusion devices), 

is essential to rigorously evaluate the fundamental mechanical performance, long-term fatigue 

resistance under simulated physiological loading conditions (as defined by ISO 12189 for dynamic 

stabilization devices), and the inherent biocompatibility of novel implant designs and the advanced 

materials from which they are fabricated, adhering to ISO 10993 standards for biological evaluation 

of medical devices [142,143]. Cyclic loading test are also important to assess long-term durability and 

potential for mechanical failure of the devices [144]. FEA and computational modeling should also 

be validated against empirical in vitro data and conducted using validated software under quality 

assurance processes (21 CFR Part 820) [145]. Furthermore, well-designed in vivo studies utilizing 

appropriate large animal models that closely mimic human lumbar spine biomechanics are 

absolutely necessary to thoroughly evaluate the implant's interaction with biological tissues, assess 

local and systemic biocompatibility according to ISO 10993, evaluate the degree and quality of 

osseointegration at the bone-implant interface using standardized radiological and histological 

techniques, and provide preliminary evidence of functional outcomes before proceeding to human 

clinical trials [146,147]. These rigorous preclinical studies must generate robust and compelling 

evidence of both the safety and the potential efficacy of the novel implantable devices before their 

evaluation in human subjects can be ethically and scientifically justified under 45 CFR Part 46 

(Protection of Human Subjects) [148]. 

5.2. FDA Regulatory Pathways and Compliance 

Adaptive spinal implants that incorporate active control mechanisms based on real-time sensor 

feedback and the ability to dynamically adjust their mechanical properties will likely be classified as 

either Class II (Special Controls) or, more likely, Class III (Premarket Approval) medical devices by 

stringent regulatory agencies such as the U.S. Food and Drug Administration (FDA), as defined 

under the Medical Device Amendments of 1976 and subsequent regulations (21 CFR Parts 860-892), 

depending on the level of risk associated with the device and its intended use [149]. In order to 

successfully navigate the complex regulatory pathway, researchers must thoroughly understand the 

specific requirements for these device classifications, including the comprehensive submission of 

extensive preclinical data demonstrating safety and performance in accordance with 21 CFR Part 820 

(Quality System Regulation), detailed results of rigorous biocompatibility testing conducted 

according to ISO 10993 standards and documented under GLP, and meticulously detailed device 

specifications, including materials, design, manufacturing processes validated under 21 CFR Part 

820, and comprehensive software validation documentation adhering to FDA guidance on software 

as a medical device [150,151]. For Class III devices, which are considered to pose a higher risk to the 

patient, premarket approval (PMA) under Section 515 of the Federal Food, Drug, and Cosmetic Act 

(21 U.S.C. § 360e) will almost certainly be required [152]. The PMA process involves rigorous 

scientific review of all preclinical and clinical data to provide reasonable assurance of the device's 

safety and effectiveness for its intended use in the target patient population, as determined through 
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well-controlled clinical investigations conducted under an Investigational Device Exemption (IDE, 

21 CFR Part 812) [153]. The proactive development of clear and specific regulatory guidelines 

specifically tailored to the unique characteristics of smart spinal implants will be absolutely crucial 

for facilitating their efficient and safe clinical translation, providing a clear pathway for innovation 

while ensuring patient safety and compliance with all applicable FDA regulations and guidance 

documents [154]. 

5.3. Translational Pipeline, Clinical Integration, and Reimbursement Pathways 

A well-defined and strategically planned translational pipeline should encompass an iterative 

process of implant design optimization based on continuous feedback from sophisticated 

computational modeling and rigorous preclinical testing conducted under GLP [155]. This should be 

followed by carefully designed and ethically approved pilot clinical studies conducted at experienced 

centers under IDE approval and GCP guidelines to rigorously evaluate the initial safety and 

preliminary efficacy of the novel smart implants in human subjects with the target spinal pathology, 

ensuring adherence to 21 CFR Part 812 [156]. Seamless integration into existing national and 

international spine registries, such as the North American Spine Society Quality Outcomes Database 

(NASS-QOD) in the US or the EUROSPINE Spine Tango registry in Europe, can significantly facilitate 

the systematic collection of valuable long-term outcome data, including PROs, adverse events, and 

implant survival rates, and enable meaningful comparisons of the new technologies with established 

surgical and non-surgical treatments for spinal instability [157,158]. The meticulous development and 

submission of Investigational Device Exemption (IDE) applications to relevant regulatory agencies 

(e.g., the FDA in the US or EMA in Europe) will be a critical step in formally initiating human clinical 

trials and gathering the necessary clinical evidence to support eventual regulatory approval (PMA or 

equivalent) and widespread clinical adoption of these innovative engineering solutions [159]. 

Furthermore, consideration of reimbursement pathways, including coding (e.g., CPT codes in the 

US), coverage policies by payers (e.g., CMS in the US), and health economic evaluations 

demonstrating the value proposition of these advanced technologies, will be crucial for ensuring 

patient access and the long-term sustainability of these treatments [160,161]. 

6. Future Directions 

Smart spinal implants of the future will probably incorporate synergistic integration with 

exoskeletal systems and wearable rehabilitation devices [162]. Dynamic personalising of post-

operative rehabilitation protocols will be enabled by real-time biomechanical telemetry from 

embedded sensors capturing granular data on intersegmental kinematics, implant loads, and 

paraspinal muscle activity [163]. Beyond the confines of static implants, this data-driven feedback 

can adjust the assistive torques and degrees of freedom given by exoskeletons, so optimising gait 

retraining, proprioceptive re-education, and minimizing aberrant spinal micro-motion to prevent re-

injury and improve long-term functional recovery [164,165]. 

Although most studies now focus on degenerative spinal instability in adults, the ideas of smart 

sensors and adjustable implants have promise for use in children and in cancer treatment [166]. 

Correcting congenital defects such as scoliosis or post-tumor resection instability calls for customized 

implant designs that fit pediatric growth dynamics and complex biomechanical changes [167]. 

Moreover, the creation of strong artificial intelligence/machine learning control systems for these uses 

calls for large, high-quality datasets including pediatric-specific biomechanics and the special loading 

conditions in tumor-related instability [168]. Training and validation of these advanced predictive 

models for personalized and efficient dynamic stabilization in these demanding patient populations 

depend on standardized data acquisition methods and safe data-sharing programs [169,170]. 
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Conclusion 

The field of translational engineering is poised to revolutionize the management of dynamic 

lumbar spine instability through the advent of mechanically tunable implants and integrated smart 

sensor systems. These innovative technologies offer the potential for personalized and dynamically 

responsive spinal support, preserving near-physiological intervertebral kinematics by adapting their 

mechanical properties in response to the spine's complex viscoelastic behavior and changing 

physiological demands. Real-time monitoring of critical in vivo biomechanical parameters via 

embedded sensors will enable sophisticated closed-loop control algorithms, allowing for dynamic 

adjustments of implant stiffness, damping, and tension to optimize spinal stabilization. 

Despite the significant promise, successful clinical translation necessitates overcoming 

substantial challenges in advanced material science, robust sensor integration, and the development 

of reliable AI/ML-driven control systems. Rigorous preclinical testing, meticulous navigation of 

complex regulatory pathways (e.g., FDA PMA), and careful consideration of ethical and privacy 

implications associated with continuous biomechanical data acquisition are paramount. Future 

research should prioritize the synergistic integration of smart spinal implants with wearable 

rehabilitation devices and exoskeletal systems, leveraging real-time biomechanical telemetry to 

personalize recovery and augment functional outcomes. Furthermore, exploring applications in 

pediatric and tumor-related spinal instability will require tailored implant designs and control 

strategies informed by robust, high-quality datasets for algorithm training and validation, ultimately 

aiming to transform the surgical treatment of CLBP and enhance patient quality of life. 
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